Polycystic kidney disease (PKD) is a condition typified by numerous renal cysts and enlarged kidneys. Types of PKD are generally distinguished by the genetic mode of inheritance, either autosomal dominant (ADPKD) or autosomal recessive (ARPKD). In addition, ADPKD and ARPKD are characterized by differences in clinical and pathological presentations. Whereas ADPKD presents with bilateral renal enlargement and macrocysts, extrarenal cysts (hepatic), intracranial aneurysms, mitral valve prolapse, and a biphasic pattern of progression to end-stage renal disease (ESRD) in later decades of life, ARPKD is characterized by early and rapid enlargement of the kidneys, childhood progression to ESRD, and frequent liver involvement leading to congenital hepatic fibrosis.

Because of these differences, family history and clinical presentation are the primary factors used to direct the genetic testing ordered to establish a molecular diagnosis. When a family history includes suspected ADPKD affecting individuals in 1 or more generations, sequencing and/or deletion/duplication analysis of *PKD1* and *PKD2* is considered. When a family history includes a child with either prenatal or early pediatric onset of PKD, sequencing and/or deletion/duplication analysis of *PKHD1* is pursued. Although pathogenic variants in *PKD1* and *PKD2* account for nearly all PKD cases that appear to be AD, pathogenic variants detected in *PKHD1* account for only ∼75% of PKD cases that appear to be AR.[@bib1] Historically, it has been unclear whether these ostensibly AR cases of PKD without detected *PKHD1* pathogenic variants represent atypical early manifestations of ADPKD or whether there are yet-unknown genes responsible for an early-onset AR presentation of PKD. Although this landscape is rapidly changing with increasing use of massively parallel sequencing in the form of either gene panels or exome sequencing, particularly in a research setting, clinical practice has been slow to change---although many providers now offer gene panels for evaluation, particularly in the neonatal setting.

Research to further understand this phenomenon has yielded important information about the mechanism of disease in PKD. Historically, a "2-hit" hypothesis was supported based on the combination of germline and somatic mutations seen in cysts and the severe, lethal phenotype of homozygous knockout *Pkd1* mice.[@bib2], [@bib3], [@bib4] However, further research in mice with reduced *Pkd1* expression has established a dose-dependent model of disease, suggesting that modifier alleles may contribute to the severity and onset of cyst development.[@bib5]^,^[@bib6] Multiple studies of families with ADPKD have implicated variants in *PKD1*, *PKD2*, *PKHD1*, or *HNF1B* inherited in *trans* with known pathogenic *PKD1* variants as a cause of earlier-onset, more severe cystic kidney disease.[@bib7], [@bib8], [@bib9]^,^[S1](#appsec1){ref-type="sec"}

In addition to identifying hypomorphic alleles that can account for some of the variable expressivity seen in ADPKD families, it has been proposed that the inheritance of 2 such hypomorphic alleles in *trans* may also cause disease in humans.[S2](#appsec1){ref-type="sec"} Here we report a family with 2 siblings diagnosed with PKD *in utero*, both found to have biallelic inherited mutations in *PKD1*.

Case Presentation {#sec1}
=================

The proband was a male fetus found at 20 3/7 weeks gestational age (GA) to have bilateral enlarged, cystic kidneys during an otherwise unremarkable pregnancy with no family history of renal cysts or other features of PKD ([Figure 1](#fig1){ref-type="fig"}a). The infant was delivered at 30 6/7 weeks GA due to the development of fetal hydrops in the setting of oligohydramnios and unfortunately died in the delivery room ([Figure 1](#fig1){ref-type="fig"}b). *Post mortem* sequencing and deletion/duplication analysis of *PKHD1* was negative. The parents of the proband had a subsequent pregnancy with a male fetus affected with echogenic kidneys at 18 weeks GA, and enlarged, cystic kidneys at 23 1/7 weeks GA. The infant was delivered at 37 weeks GA and was postnatally confirmed to have enlarged echogenic kidneys with innumerable cysts ([Figure 1](#fig1){ref-type="fig"}c). He is currently alive at 22 months, and his kidneys remain enlarged with microcysts, but they have not grown rapidly.Figure 1Biallelic mutations in *PKD1* identified in a family with 2 children with neonatal polycystic kidney disease (PKD). (a) A 3-generation family history was negative for cystic kidney disease, including extrarenal manifestations such as intracranial aneurysm, early-onset hypertension, liver disease, and cysts in other organs. Genotype is indicated where available (WT = wild type). Unaffected individuals who have had renal ultrasound are indicated. (b) Fetal renal ultrasounds for the proband. Ultrasound at 23 1/7 weeks showed that fetal kidneys were markedly enlarged and echogenic, raising concern for neonatal PKD (right kidney 6.6 cm, left kidney 6.4 cm). Ultrasound at 30 6/7 weeks showed that fetal kidneys were markedly enlarged and more echogenic. Fetal hydrops was present as well as anhydramnios, prompting delivery. (c) Fetal renal ultrasounds for second affected child. Ultrasound at 23 1/7 weeks gestation showed that fetal kidneys were mildly enlarged and echogenic (right kidney 3.4 cm, left kidney 3.3 cm). Ultrasound at 30 1/7 weeks gestation showed that the fetal kidneys remained enlarged and echogenic (right kidney 5.5 cm, left kidney 5.7 cm). Amniotic fluid was normal, and there were no signs of fetal hydrops. (d) Whole-exome sequencing identified a maternal missense mutation (c.377C\>T, p.Pro126Leu) and a paternal missense mutation (c.6656C\>T, p.Pro2219Leu) in *PKD1*. Sanger sequencing confirmed that both affected children were compound heterozygous for the mutations.

Results {#sec2}
=======

Exome sequencing was performed on DNA samples from the proband and parents (see [Supplementary Methods](#appsec1){ref-type="sec"}). Biallelic variants in *PKD1* were identified in the proband, and Sanger sequencing using standard techniques identified both variants in the other affected male child (RefSeq: [NM_001009944](http://www.ncbi.nlm.nih.gov/nuccore/NM_001009944){#intref0010}): a maternally inherited missense variant (c.377C\>T, p.Pro126Leu) and a paternally inherited missense variant (c.6656C\>T, p.Pro2219Leu) ([Figure 1](#fig1){ref-type="fig"}d). Both variants are absent from ExAC and gnomAD databases, predicted to be deleterious by *in silico* models (maternal variant: CADD score 25, paternal variant: CADD score 29, both variants assessed as "probably damaging" by Polyphen, "damaging" by SIFT, "disease causing" by MutationTaster), and the amino acid residues are highly conserved in vertebrates. Neither variant has been previously reported in the literature. Interestingly, *PKD1* occurs in a segmentally duplicated portion of the genome. Thus, detecting variants using exome sequencing is complicated by the presence of multiple homologous pseudogenes, which limits the sensitivity of this modality, although the specificity remains high[S3](#appsec1){ref-type="sec"}; our variants appeared to be of high quality and were Sanger confirmed in the similarly affected sibling. Although both variants are formally classified as variants of uncertain significance, we propose them as disease causing for our family, as we are proposing a novel mechanism and mode of inheritance (as opposed to the typical single loss-of-function variants seen in ADPKD).

We further evaluated the exome data for rare, predicted damaging variants in known ARPKD genes such as *PKD2, PKHD1,* and *HNF1B* and did not find any candidate variants.

Discussion {#sec3}
==========

We present a case of early-onset PKD attributed to biallelic variants in *PKD1*. After the proband's variants were identified, we believed this combination of variants to be lethal; however, the live-born second child with the same variants exhibits an attenuated phenotype with an unclear prognosis. At this time, the second affected child is thriving with normal renal function and normal blood pressure despite enlarged cystic kidneys that appear consistent with the phenotype of ARPKD.

Although ARPKD is classically associated with biallelic variants in *PKHD1*, hypomorphic variants in multiple genes in *trans* with pathogenic variants in *PKD1/PKD2* have been found to cause a more severe cystic kidney disease presentation in ADPKD families.[@bib7]^,^[@bib8] One such hypomorphic variant in *PKD1*, p.R3277C, has been found recurrently to account for early onset of disease in ADPKD individuals with cyst development in the pediatric period.[@bib7]^,^[S2](#appsec1){ref-type="sec"} Although this recurrent hypomorphic variant has not been reported in a human in a homozygous state, it has been proposed that the inheritance of 2 such hypomorphic alleles in *trans* may also cause disease in humans. In a couple with 2 children diagnosed with PKD *in utero* with no *PKHD1* variants identified, analysis of *PKD1* and *PKD2* revealed that each healthy parent carried a known or suspected hypomorphic *PKD1* variant, and each affected child had inherited these mutations in *trans*.[S2](#appsec1){ref-type="sec"} Our case is the second family documented with PKD *in utero* caused by biallelic *PKD1* hypomorphic variants, although phenotypic variability is seen within this family, as described above.

Given the current evidence, we propose that compound heterozygous or homozygous hypomorphic variants in *PKD1* may represent a proportion of early-onset PKD cases that are not accounted for by either biallelic variants in *PKHD1* or null mutations in *PKD1/PKD2* modified by a hypomorphic allele in another PKD-related gene. Because of the demonstrated variability in genes that can contribute to early-onset PKD, broadening the genetic testing approach taken toward a molecular diagnosis could benefit families affected by early-onset PKD. In a recent study of 36 individuals with a clinical diagnosis of ARPKD, 8 (22%) did not carry *PKHD1* variants and instead carried variants in other kidney disease−associated genes.[S4](#appsec1){ref-type="sec"} Although recommendations have been made against single-gene analysis of *PKHD1* as a first-line diagnostic approach in light of the contribution of additional genes to phenocopy disorders,[S5](#appsec1){ref-type="sec"} this was a standard practice for many years and continues to be practiced in some clinical settings.

In order to move toward more comprehensive genetic testing for early-onset PKD, the historical model delineating early- and later-onset PKD by gene(s) needs to be reconsidered. The current model of defining ADPKD by 1 pathogenic variant in *PKD1* or *PKD2* and ARPKD by 2 pathogenic variants in *PKHD1* no longer encompasses what is known about the dose-dependent mechanism responsible for disease development and the multitude of genes involved. A model of describing early-onset PKD as 2 variants in PKD-related genes (*PKD1, PKD2, PKHD1, HNF1B)* and later-onset PKD as 1 variant in a PKD-related gene would more accurately represent our knowledge of the underlying causes of PKD.

Disclosure {#sec4}
==========

TEM is an employee of Quest Diagnostics. All the other authors declared no competing interests.

Supplementary Material {#appsec1}
======================

Supplementary File (PDF)

MHW received support from T32 GM007748. Sequencing and analysis were provided by the Broad Institute of MIT and Harvard Center for Mendelian Genomics (Broad CMG) and was funded by the 10.13039/100000051National Human Genome Research Institute, the 10.13039/100000053National Eye Institute, and the 10.13039/100000050National Heart, Lung, and Blood Institute grant UM1HG008900 and in part by 10.13039/100000051National Human Genome Research Institute grant R01 HG009141. The authors wish to thank the family for their participation in the research.

[Supplementary File (PDF)](10.1016/j.ekir.2020.05.008){#intref0015}

**Supplementary Methods**.

**Supplementary References**.

[^1]: These authors are co−first authors.
